Spectral responsivity and reflectance of two types of InGaAs/InP photodiodes have been measured. The internal quantum efficiency calculated from them has shown that it is possible to obtain an absolute radiometer within 1100 nm and 1500 nm. Models to interpolate reflectance and internal quantum efficiency are presented in this work.
INTRODUCTION
At present time, InGaAs/InP-photodetectors from different manufacturers have got rather low noise level , a good response uniformity. For these reasons they are exploited in instruments for measuring optical radiation within the near IR range. The responsivity of any photodiode is given by
Where ρ(λ) is the spectral reflectance of its sensitive surface, ε(λ) is the internal quantum efficiency, λ is the wavelength and k is a constant that takes into account other physical constants. Then if the reflectance and internal quantum efficiency were known, the photodiode's responsivity would be known without being compared to another standard. This work describes a model developed to calculate reflectance values from experimental ones at some wavelengths and another model developed to interpolate spectral internal quantum efficiency values from some values got from reflectance and responsivity measurements at some wavelengths by using equation (1) .
Both models have been fitted to experimental values obtained for 5 mm in diameter photodiodes from two different manufacturers, selected because their photodiodes are used for realizing responsivity scales. Prior to developing both models it has been necessary to assume a photodiode layered structure. Considering data published in the literature [1] , the simplest structure that an InGaAs/InP photodiode may have is as shown in figure 1. The first layer (NSi) is transparent in the spectral range where these photodiodes are used. The second layer (InP+Zn) is the "p" region of the photodiode and is transparent for wavelengths longer than 960 nm approximately. The following layer, InGaAs, is the "i" region where most of the radiation is absorbed, especially for wavelengths longer than 960 nm, approximately. Finally, the S doped InP layer is the "n" region. 
REFLECTANCE MEASUREMENT
Specular reflectance measurement can be realized either by a direct method [11] or by an indirect one, comparing the sample to a reflectance standard. The direct method may yield lower uncertainty values in the measurement.
However in this case the indirect method has been used because the repeatability is better since the alignment is easier, what is an interesting point in the near IR.
To realize the reflectance measurements of InGaAs/InP photodiodes, the experimental set-up presented in Figure 2 was arranged.
An incandescence lamp, whose electrical current was stabilized to within 1 mA, was imaged at the input slit of a monochromator. The monochromator had got a Czerny-Turner configuration with in line optical path, an aperture ratio f/6.9, a focal length of 500 mm, a 600 g/mm grating and the corresponding second order blocking filters to cover the spectral range from 800 nm to 1600 nm. The wavelength accuracy was better than 0.5 nm.
Since reflectance measurements cannot be done at normal incidence in this system, a linear polarizer was placed after the monochromator for some measurement as it will be explained later, and a beam splitter after it, which serves to monitor temporal fluctuations of optical power. A germanium photodiode was used as the monitor photodetector [12] .
The experimental set-up included an optical systems with mirrors to image the monochromator's exit slit, so avoiding chromatic aberration. The first mirror (number 7 in the figure) imaged the exit slit over the monitor detector. Mirror 8 does the same thing over the photodiode whose reflectance is to be measured or over the standard mirror. Mirror 11 collects the light reflected by the samples and re-images it over photodiode 12 (Ge photodiode), whose signal is used to determine the reflectance.
The angle of incidence over the sample's surface was 7.4 ° which is the angle for which the reflectance of the standard mirror is known. According to CIE [13] , this angle is close enough to normal incidence and generally accepted as equivalent to it in this type of measurements.
Specular reflectance measurement can be realized either by a direct method or by an indirect one, comparing the sample to a reflectance standard. The indirect method has been used in this case because the repeatability is better. Measurements were done at a 7.4º incidence angle and a aluminum mirror whose reflectance was measured at Instituto de Fisica Aplicada (CSIC) [2] , has been used as standard. Table 1 . The thickness of the last layer [InP(S)] was assumed to be infinite in these calculations for both photodiodes.
The fitting goodness is better for photodiode 1 than for photodiode 5. Perhaps a more complex structure has to be assumed for photodiode 5. Since responsivity depends on reflectance as [1 -ρ(λ)], using the fitting values to calculate responsivity values would rise an error about 2 % or less in the case of photodiode 1. The error would be higher for photodiode 5, especially at wavelengths shorter than 1000 nm. Therefore, the proposed model for reflectance can only be used for photodiode 1, manufactured by Hamamatsu, in order to get low uncertainty responsivity values. The thicknesses obtained in this work are comparable to those obtained by other authors.
MODEL OF INTERNAL QUANTUM EFFICIENCY OF InP.
Internal quantum efficiency of these photodiodes cannot be directly estimated because the internal structure of the photodiode is not accurately known. However, internal quantum efficiency values may be obtained from spectral responsivity and reflectance measurements by using the following equation derived from (1): As in the reflectance measurements, photodiodes from the same manufacturer gave very similar values [2] . Photodiode 1 has got a lower responsivity than photodiode 5 along the whole spectral range in which they have been measured. Furthermore, the spectral roll-off at long wavelengths of photodiode 1 happens before than that of photodiode 5. Internal quantum efficiency values of photodiodes, ε(λ), calculated from (2), are shown in figures 4 and 5 for photodiode 1 (HAM) and photodiode 5 (GPD), respectively. This photodiode has got a higher internal quantum efficiency than photodiode 1. But the internal quantum efficiency of both photodiodes is maximum at 1300 nm, one of the wavelengths of interest for optical fibre communications.
It may be noticed that photodiode 5 has got an almost perfect internal quantum efficiency at some wavelengths. In fact some values are a bit higher than 1. This is likely to be due to the uncertainty in the measurement of reflectance, since no amplification is known to be produced within these devices in this spectral range. Furthermore, the difference between values and unity is well within the combined experimental uncertainties of reflectance and responsivity measurements. This result is very important because between 1100 nm and 1500 nm the internal quantum efficiency of photodiode 5 can be taken as unity with an uncertainty lower than 1 %. Then, knowing the reflectance, photodiode 5 can be taken as an absolute radiometer in that spectral range. To estimate internal quantum efficiency values at other wavelengths a charge collection efficiency model can be assumed and from there to obtain a function for the internal quantum efficiency whose parameters may be fix by fitting to the values got at some wavelengths. Applying this approach to InGaAs/InP photodiodes as other authors did with silicon photodiodes, the simplest model for the collection efficiency of carriers is given by a constant value, P f , lower than 1, in the first front region, then a value equals to 1 in the depletion region and finally another constant value, P b , in the back region. Taking into account that internal quantum efficiency is related to collection efficiency by ( )
Where H is the thickness of the region where the absorption takes place. The previous collection efficiency function yields the following equation for the internal quantum efficiency of the photodiode:
Where T is the deepness at which collection efficiency becomes 1, T' is the thickness deepness at which InGaAs region starts, D' is the thickness deepness at which the InP (S) starts and D is the thickness deepness at which depletion region ends. All the deepness are referred to the interface NSi-InP (Zn), which is taken as the origin. By fitting (4) to internal quantum efficiency values, the results shown in figures 4 and 5 are obtained for photodiode 1 and photodiode 5, respectively.
The agreement is reasonably good for both fits (correlation coefficient higher than 0.98). But it is much better in the high efficiency range where the internal quantum efficiency varies smoothly with wavelength and also at the low end, but the transition is not well fitted. Perhaps the absorption coefficient values have to be refined in this transition region. Deepness and collection efficiencies values got in the fitting are given in Table 2 . In the other hand, according to the reflectance model, the thickness of the first layer within the diode, InP (Zn), is about 1,2 μm, while the value obtained with the internal quantum efficiency model is 2.19 μm for photodiode 1 and 1.6 μm for photodiode 5. The difference is higher than the fitting error of the parameters (lower than 0.1 mm for both photodiodes). Furthermore, the deepness at which the depletion region of photodiode 5 ends (4351.16 mm) is completely unrealistic since the thickness of the whole device is lower than it. Finally, looking at the Collection efficiency at the back of the photodiode, both values are extremely high. Further work is needed to refine the model to obtain parameter values more meaningful from a physical point of view. Perhaps the first step forward would be to assume a non unity probability within the depletion region for photodiode 1 (HAM).
CONCLUSION
The reflectance of some high quality InGaAs/InP photodiodes has been measured at near normal incidence (7.4º) by comparison to a standard aluminum mirror. A specific set-up has been done for this measurements. Within the optical communications spectral range, an antireflection structure has been found on the sensitive surface of 5 mm in diameter photodiodes from two manufacturers. Because of this, the response dependence on optical polarization has been tested at that incidence angle, founding a small dependence (less than 0.5 % in response), what is an interesting result since the radiation impinges usually within a range of incidence angles, even at normal incidence, because of the divergence/convergence of optical beams.
A simple layered model has been fitted to measured reflectance values. The fitting goodness is better for photodiodes manufactured by Hamamatsu. For the other photodiodes the fitting is worse although it may be used in the optical communications spectral region. Therefore, it is possible to interpolate the reflectance of the photodiodes at any wavelength of interest within those spectral ranges. The structure model needs some refinement to get a better agreement with experimental values.
The development of a model for the internal Quantum Efficiency needs a more accurate knowledge about the device than it is available. Then a collection efficiency model has been supposed and the internal quantum efficiency function obtained from it has been fitted to the values obtained from the responsivity and reflectance measurements at some wavelengths. The function fits very well in the optical communications interval where the internal quantum efficiency spectral feature is rather smooth.
The fitting is not so good in the elbow region where InGaAs/InP becomes transparent. At short wavelengths the derived function fits better to photodiode 1 than to photodiode 5. Perhaps this may be improved by refining absorption coefficient values of doped InP.
Within the spectral region from 1100 nm to 1500 nm the internal quantum efficiency of photodiode 5 may be taken as 1, therefore, measuring the reflectance, the responsivity may be calculated by (1) and this photodiode is an absolute radiometer in this spectral range.
